Restriction endonucleases and other nucleic acid cleaving enzymes form a large and extremely diverse superfamily that display little sequence similarity despite retaining a common core fold responsible for cleavage. The lack of significant sequence similarity between protein families makes homology inference a challenging task and hinders new family identification with traditional sequence-based approaches. Using the consensus fold recognition method Meta-BASIC that combines sequence profiles with predicted protein secondary structure, we identify nine new restriction endonuclease-like fold families among previously uncharacterized proteins and predict these proteins to cleave nucleic acid substrates. Application of transitive searches combined with gene neighborhood analysis allow us to confidently link these unknown families to a number of known restriction endonuclease-like structures and thus assign folds to the uncharacterized proteins. Finally, our method identifies a novel restriction endonuclease-like domain in the C-terminus of RecC that is not detected with structure-based searches of the existing PDB database.
INTRODUCTION
Restriction endonucleases and their nuclease relatives function to cleave a variety of nucleic acid substrates in various cellular processes. The SCOP (1) database currently assigns 20 different families to the restriction endonuclease-like superfamily, including 13 restriction endonucleases (2) and various other nucleic acid cleaving enzymes such as lambda exonuclease (3, 4) , DNA mismatch repair protein (MutH) (5), very short patch repair (Vsr) endonuclease (6) , N-terminal domain of TnsA endonuclease (7) , endonuclease I (8), archaeal Holliday junction resolvase (Hjc) (9) and XPF/Rad1/Mus81 nuclease (10) . The cleavage reactions performed by these highly diverse proteins contribute to important biological functions, such as protecting host organisms against foreign DNA invasion (restriction endonucleases), repairing damaged DNA (MutH and Vsr), resolving Holliday junctions (endonuclease I, Hjc and XPF/Rad1/Mus81-dependent nuclease) and performing additional cleavage events in DNA recombination (lambda exonuclease and TnsA).
The restriction endonuclease-like superfamily is defined by a common core fold that includes a four-stranded, mixed b-sheet flanked on either side by an a-helix (abbbab topology, Figure 1 ). Residues within a relatively conserved PD-(D/E)XK motif (Motifs II and III, Figure 2 ) mark the active site and contribute to cleaving the nucleic acid phosphodiester bond (4, 11, 12) . In addition to this named motif, a conserved acidic residue often resides at the N-terminus of the first core a-helix (Motif I, Figure 2 ), while a conserved residue from the second helix points toward the active site (Motif IV, Figure 2 ) in a subset of families. These residues play various catalytic roles, which include coordination of up to three divalent metal ion cofactors, depending on the family. The shared structural and functional features of restriction endonuclease-like families have been interpreted as evidence for a common evolutionary origin and have been exploited by various groups to identify and group endonuclease sequences (2, (12) (13) (14) .
In addition to sequence-and structure-based methods, analysis of genomic context and domain fusions have led to identifying new restriction endonuclease-like domains (15, 16) . Restriction endonuclease-like proteins frequently cooperate with their genome neighbors to perform specific biological functions. For example, restriction-modification systems include a restriction endonuclease and a methyltransferase that function together to protect cells against foreign DNA. The two genes encoding these enzymes often reside adjacent to each other in genomes or can be found fused in a single gene. The online version of this article has been published under an open access model. Users are entitled to use, reproduce, disseminate, or display the open access version of this article for non-commercial purposes provided that: the original authorship is properly and fully attributed; the Journal and Oxford University Press are attributed as the original place of publication with the correct citation details given; if an article is subsequently reproduced or disseminated not in its entirety but only in part or as a derivative work this must be clearly indicated. For commercial re-use, please contact journals.permissions@oupjournals.org Similarly, domain fusions exist between restriction endonuclease-like proteins and superfamily I/II helicases, suggesting a close functional association of nuclease activity with ATP-dependent DNA helix unwinding. Other functional restriction endonuclease-like fold fusions include several different types of Zn-binding and DNA-binding domains. Analysis of these conserved gene neighborhoods/gene fusions has allowed the prediction of a novel prokaryotic DNA repair system (16) that includes previously identified members of the restriction endonuclease-like fold group [RecB nuclease domain (12) ]. In addition to implying functional associations, similar conservations of domain fusions and genomic organizations help justify new restriction endonuclease-like fold predictions of increasingly divergent families.
To further expand the realm of the restriction endonucleaselike superfamily, we combine the concept of transitivity ('If A is B and B is C, then A is C') with a fold recognition approach Meta-BASIC (http://basic.bioinfo.pl) to identify nine new uncharacterized protein families as endonucleases. Meta-BASIC combines the use of sequence profiles and secondary structure predictions (meta profiles) for given protein families [currently PfamA (17) or PDB90 (18) ] with various scoring systems and meta profile alignment algorithms to quickly establish links between families of both known and unknown structure. Using a query endonuclease of known structure (1gef ), numerous hits to potential and known restriction endonuclease-like fold families arise, including a domain from an existing structure that was not identified by structure-based methods. Although many of the scores assigned to these hits fall below a confident threshold of 12 [predictions with Z-score above 12 have <5% probability of being incorrect (19)], we can further extend the limits of Meta-BASIC detection by applying the concept of transitivity to identified sequence groups. Results for the restriction endonuclease-like fold superfamily suggest that our sequence-based fold recognition approach can provide additional information about structural similarities in the realm of the 'midnight zone (2)' and can identify divergent folds in new and existing structures that structure-based identification methods may fail to find. 
METHODS

Identification of novel restriction endonuclease-like families
Identification and linkage of restriction endonuclease-like families was carried out using GRDB system (http://basic. bioinfo.pl), which includes precalculated results of Meta-BASIC mappings between all PfamA families (represented as consensus sequences) and PDB entries (representatives at 90% of sequence identity) ranked according to a confidence score. Initially, an endonuclease of known structure (1gef ) was used as a starting point to detect remotely homologous families and structures. We manually inspect all hits in ranked order, including those hits assigned with below threshold scores, for conservation of the fold-specific secondary structure pattern [predicted with PSIPRED (20) ] and critical active site residues. We include hits with below threshold scores if (i) fold conservations and active site residues hold and (ii) no incorrect or unconfident hit exists with a higher confidence score. Interestingly, some structurally characterized proteins with restriction endonuclease-like folds (e.g. 1gef finds restriction enzyme MspI PDB ID 1sa3 at rank 179) show up in the ranked lists below incorrect or uncertain hits; however, we do not include these hits in our analysis. All confident hits were then used as queries in transitive Meta-BASIC searches until no new families were detected. To confirm correctness of difficult assignments and to generate reliable sequenceto-structure alignments, representative sequences for all newly identified restriction endonuclease-like fold families were submitted to the Meta Server (21) (http://bioinfo.pl/ meta) that assembles various secondary structure prediction and top-of-the-line fold recognition methods. Predictions collected from diverse structure prediction services were screened with the consensus 3D-Jury system (21) . These newly identified families were also subjected to transitive PSI-BLAST (22) 
Multiple sequence-structure alignment
Initially, optimal superposition of all identified structures generated with Swiss-PdbViewer program (25) was used to derive structure-based alignment of their sequences in the structurally conserved regions encompassing the core four b-strands and two a-helices. Multiple sequence alignments for new restriction endonuclease-like families were prepared using PCMA (26) followed by manual adjustments. Sequenceto-structure alignments between considered protein families and their distantly related templates within the conserved core elements were built using the consensus alignment approach and 3D assessment procedure (21) based on 3D-Jury and Meta-BASIC results. These alignments were subsequently merged to final multiple family alignment. In many cases, sequence-structure mapping was derived manually guided by the results of secondary structure predictions and the preservation of functionally critical residues as well as the hydrophobic core of the fold.
Comparison of identified restriction endonuclease-like structures
Comparison of restriction endonuclease-like structures identified in the transitive Meta-BASIC approach was carried out using DaliLite (27) . Pairwise Dali Z-scores were generated for each chain within the PDB structure files. The domainswapped structure 1fzr (asterisk in Table 1 ) was modified prior to DaliLite comparisons so that a single chain encompassed residues 17-44 from chain B and residues 47-145 from chain A to form a complete restriction endonuclease-like fold domain. The reported Z-scores for each structure pair correspond to the highest score computed between pairwise comparisons of all complete chains. The average Z-scores reported for each structure were calculated as the mean of pairwise Z-scores between that structure and each other identified structure.
RESULTS AND DISCUSSION
Detecting novel restriction endonuclease-like families and establishing a linkage network Figure 1 illustrates the connectivity of Meta-BASIC hits between restriction endonuclease-like families contained within the PfamA and the PDB databases. Two PDB structures (1gef and 1hh1) and one PfamA family (DUF91) display the largest number of connections (represented by arrows) and form the center of the linkage network. Each of the structures functions to resolve Holliday junctions and is contained within the PfamA archaeal Hjc family ( Figure 1 , green highlights). Common to all of the highly connected families is a lack of inserted elements within the restriction endonuclease-like core (abbbab). Pairwise structure comparisons suggest that the Hjc proteins (1gef and 1hh1) display the highest average structural similarity (as measured by Dali Z-score) to all other identified proteins, while those structures with less connectivity (1f1z, 1na6 and 1w36_C) exhibit lower average Z-scores (Table 1) . Less connected structures contain insertions of elements within the core (insertions bolded: 1f1z topology ababbaab, 1na6 topology abbabab and 1w36_C topology aaabbbab) and distortions of core element lengths and packing. Thus, the network built from Meta-BASIC-detected connections reflects the structural relatedness of identified restriction endonuclease-like families. Unfortunately, their high degree of sequence diversity does not allow us to extend the network of connectivity to evolutionary relatedness, although a tempting speculation follows that the Hjc structures would most closely resemble a common ancestor.
Strikingly, consensus sequences of all identified restriction endonuclease-like families extend across the entire structural core and include several identified motifs associated with cleavage ( Figure 2 ). Consistent with motif conservations of existing restriction endonuclease-like families, an acidic residue (D/E from Motif II) is almost invariant in the newly identified families. Together with two other relatively conserved amino acids (H/E from Motif I and D/E/Q from Motif III), this residue coordinates the essential divalent metal ion cofactor(s) seen in several structures [T7 endonuclease I (28), TnsA (7), lambda exonuclease (3) and recB (29)]. Asterisk indicates a modified domain-swapped PDB (see Methods); DaliLite Z-scores above the threshold for structurally similar proteins are highlighted in gray.
Alternatively, the Vsr endonuclease (1cw0), missing one of the acidic residues from Motif III, binds metal with a family conserved residue substituted from a different position (uses His69 located in the loop preceding the second helix) (6). The relatively conserved basic residue of Motif III is located near the metal ion coordinating residues in position to stabilize the transition state or the product of the cleavage reaction. Consistent with the essential role of these residues in catalyzing the nuclease reaction, their mutations lead to a loss of activity (7, (30) (31) (32) (33) . Such a broad range of specificities recognized by various restriction endonuclease-like proteins have undoubtedly led to the observed sequence and structural diversities that hinder identification of new families. Nevertheless, application of Meta-BASIC successfully establishes an extensive network of connections between many PfamA families (even between two families of unknown structure) and restriction endonuclease-like structures. The detected structures display significant diversity, with some pairwise Dali Z-scores falling below the suggested cutoff for structurally similar proteins (Table 1 , non-gray highlights). Importantly, the Meta-BASIC connections between diverse structures are only established transitively. Among the remaining connections, nine new endonuclease families that are mostly annotated in the PfamA database as domains of unknown function (DUFs) were detected. Many of these assignments are not possible with standard sequence similarity search tools, such as PSI-BLAST or RPS-BLAST, or even with other fold recognition methods that require a known reference protein structure. In the following section, we outline these newly identified restriction endonuclease-like fold families and use various sequence-based and context-based criteria to help justify our predictions.
Diversity of detected restriction endonuclease-like structures
RecC
RecC functions together with RecB and RecD in a multifunctional enzyme complex to process DNA ends resulting from a double-strand break, leading to repair by homologous recombination. In this process, helicase and nuclease activities lead to ATP-dependent unwinding and digestion of DNA until encountering a specific site, where the complex pauses and subsequently initiates recombination through RecA. In the recently solved crystal structure of RecBCD, each subunit contains ATP-dependent helicase domains (29) . The RecB exonuclease subunit comprises two N-terminal helicases (with domains 1A and 2A forming canonical helicase motors) and a C-terminal restriction endonuclease-like domain that includes identified active site motif residues (H in diverged Motif I, D in Motif II and DXK in motif III). Previous predictions have identified this C-terminal domain as having a restriction endonuclease-like active site (35) and have classified the RecB-like family in a superfamily with the Holliday junction resolvase and lambda exonuclease structures shown to be connected here (12) . Our Meta-BASIC strategy does not identify the RecB exonuclease subunit of RecBCD due to its exclusion from PfamA. Alternatively, Meta-BASIC connects the C-terminal domain of the RecC subunit (Figure 1) to the other restriction endonuclease-like families through a link to DUF911 (see below). Interestingly, the RecC C-terminal domain displays such divergence from the other restriction endonuclease-like structures that it is not easily identified by structure comparison searches (DALI server finds closest existing nuclease structure at rank 48) and was therefore suggested to form a new fold in the crystal structure of the RecBCD complex (29) .
Similar to RecB of the RecBCD complex, the RecC subunit contains two N-terminal domains that resemble helicases (lacking characteristic active site residues) (29) . Both subunits possess long linker sequences leading to the C-terminal endonuclease-like domain ( Figure 3A ), which has also lost the characteristic active site residues in RecC (Figure 2 ). Structural similarities between the two restriction endonuclease-like domains (Dali Z-score = 9.9) extend beyond the nuclease core ( Figure 3 , yellow and blue). These similarities consist of an N-terminal helical insertion with a diverged N-terminal helix and a C-terminal topological extension (ba) to the core ( Figure 3B , purple). In the RecBCD complex structure, the RecC C-terminal domain mediates binding to the DNA substrate and forms a channel for the 5 0 tail to pass through to the RecD subunit. RecC binds DNA with residues contributed from the N-terminus of the first a-helix, the loops following the third and the fourth b-strands, and a C-terminal a-helical sub-domain unique to RecC. This mode of DNA binding generally resembles that of other restriction endonuclease structures. The structural and DNA binding similarity, along with a retained domain organization and preserved genome proximity, suggests that the RecB and RecC subunits of the RecBCD multienzyme complex arose as a gene duplication from a single ancestor with subsequent loss of catalytic residues in RecC.
DUF911 and DUF83
DUF911 (COG4343) includes several sequences of unknown function found in one or two copies in select archaeal genomes. Although this family remains uncharacterized, both the genome organization and the connectivity of DUF911 sequences suggest a functional similarity to the RecB exonuclease family. Inspection of DUF911 neighborhoods (24) reveals a connection to DUF83 (COG1468), annotated in COG as a RecB family exonuclease. Both DUF911 and DUF83 sequences include relatively conserved restriction endonuclease-like active site motifs (Figure 2 ) that resemble those of RecB. PSI-BLAST connects the three families (DUF911 query gi|15920200 finds DUF83 sequence gi|23124021 in iteration 2 with E-value 8 · 10 À4 and finds RecB sequence gi|19703859 in iteration 4 with E-value 8 · 10
À5
). The two uncharacterized families (DUF911 and DUF83) find each other as first Meta-BASIC hits and establish the only link to RecC (Figure 1 ). DUF911 and DUF83 possess similar additional elements at the N-terminus (a) and the C-terminus (ba) that probably pack onto the restriction endonuclease-like core to form a single domain, unlike the multi-domain helicase/nuclease composition of RecB and RecC. Inspection of genome neighborhoods reveals a predicted helicase (COG1203) in close proximity to both DUF911 and DUF83 sequences (confident DUF911/DUF83 neighborhood STRING score 0.627 and highly confident DUF83/helicase neighborhood STRING score 0.939). Together with sequence and structure similarities, this predicted helicase association suggests that DUF91 and DUF83 proteins function as nucleases in DNA repair similar to RecB.
DUF1016
Sequences from bacteria, archaea and viruses form DUF1016 (COG4804), which includes a predicted a/b N-terminal extension to the restriction endonuclease-like domain. This N-terminal extension does not display any significant sequence similarity to any known protein, although its secondary structure prediction is similar to that of the DUF790 N-terminus. DUF1016 sequences include typical active site motifs (Figure 2) , and inspection of their genomic neighborhoods reveals several potential functional associations. DUF1016 sequences reside near type I/III restrictionmodification system enzymes and ATP-dependent DNA helicases. For example, in the Nitrosomonas europa genome, a DUF1016 sequence (NE2308) belongs to a potential operon that includes a type III restriction enzyme (NE2306), an adenine-specific DNA methylase (NE2309), and a superfamily II DNA helicase (NE2311). Interestingly, biochemical evidence suggests a functional association between a type III restriction enzyme (EcoP15I) and an exonuclease activity, which allows EcoP15I to perform multiple enzymatic turnovers (36) . Perhaps DUF1016 nuclease activity plays a similar role in enhancing bacterial restriction reactions.
DUF1064
DUF1064 (NOG09405) contains phage and bacterial proteins of unknown function. The predicted restriction endonucleaselike core includes all conserved Motif residues (Figure 2) . Neighborhood analysis suggests functional associations with several other phage protein families (all with medium confidence STRING scores 0.399), including phage terminase large and small subunits involved in packaging viral DNA, a DNA repair protein that binds single-stranded DNA and promotes complementary DNA renaturation, and a phagerelated protein predicted as another endonuclease. PSI-BLAST links DUF1064 sequences with other restriction endonuclease-like fold families. For example, one DUF1064 sequence (gi|29028685) finds a bacteriophage T7 endonuclease with known structure (1fzr with E-value 2 · 10 À5 , iteration 5) and a DUF790 sequence also identified in this study (gi|23126860 with E-value 0.003, iteration 4). This family most likely plays a role in phage genome segregation (37) , or in repairing double-stranded breaks introduced during this process or during DNA replication.
DUF790
DUF790 (COG3372) includes hypothetical sequences from archaea and cyanobacteria (including one sequence from Actinobacteria). The identified restriction endonuclease-like core is located C-terminal to a region predicted as a/b, and includes a family conserved residue (Figure 2 , K in Motif IV) that may substitute for the residue normally found in Motif III. Every member of this family resides next to a DEXH-box helicase (COG1061) in their respective genomes, suggesting a functional association (STRING score 0.656). DEXH-box helicases function in the ATP-dependent unwinding of nucleic acids required for a number of cellular processes that include some types of bacterial restriction-modification and nucleic acid excision repair. Together with a transitive PSI-BLAST connection to T7 endonuclease through DUF1064, this context-based association with a typical endonuclease functional partner supports our prediction for DUF790.
DUF994
DUF994 (NOG13964) includes several bacterial and phage proteins of unknown function. DUF994 sequences include a conservative substitution in Motif I (Q for E) that can presumably retain metal binding. In a genomic context, DUF994 associates with a family (NOG12860, STRING score 0.95) similar to ATP-dependent recombinase, which binds DNA and facilitates strand exchange during homologous recombination. Using a DUF994 sequence query (gi|28895436), PSI-BLAST detects several close eukaryotic homologs (gi|39595012, e.g. in iteration 1 with E-value 0.002), while PSI-BLAST using one of the DUF994-detected sequences (gi|48860544) finds an archaeal Holliday junction resolvase (gi|15897494 in iteration 6 with E-value 1 · 10 À6 ). 
DUF820
DUF820 (COG4636) sequences form a family of hypothetical proteins from bacteria that have greatly expanded in a number of cyanobacterial species. Recently, a structure (1wdj) was solved for a hypothetical protein Tt1808 from Thermus thermophilus with unknown function belonging to this family. Accordingly, this structure retains the restriction endonuclease core with a C-terminal extension (bbbb) and a small N-terminal sub-domain (babb) that appears to mediate oligomerization. DUF820 sequences include the conserved motifs ( Figure 2 ) that make up the nuclease active site. However, the position of the N-terminal sub-domain with respect to this site may block nucleic acid binding, therefore requiring a structural rearrangement for activity. The absence of this domain in one of the three chains making up the crystallographic asymmetric unit could support such a hypothesis. Some DUF820 sequences are fused to a ClpA N-terminal domain, an a-helical structure (1khy) that targets binding of ClpA ATPase to unfolded protein substrates destined for cleavage by the ClpP protease. Perhaps the Clp pathway facilitates DUF820 ability to bind nucleic acid.
Competence protein CoiA
The CoiA family (COG4469) includes proteins from a diverse set of bacteria, including naturally competent species such as Streptococcus pneumoniae and Bacillus subtilis. Interestingly, the active site residues are switched in this family, with the K typically found in Motif III occupying the Motif I position, and the metal ion coordinating residue (Q) typically found in Motif I occupying the Motif III position (Figure 2 ). CoiA sequences include an N-terminal extension (predicted as all b) with two conserved motifs (CXXC and HXXH) resembling a zinc finger ribbon (41) . CoiA is an uncharacterized protein that belongs to a competence-specific operon in S.pneumoniae (42). Natural competence, or the ability to take up and incorporate foreign DNA into the chromosome, proceeds in several distinguishable stages: DNA binding, DNA processing and uptake, and integration of foreign DNA into the host chromosome. The STRING database assigns a confident (score 0.789) functional association between the CoiA family (COG4469) and a late competence protein superfamily II DNA/RNA helicase (COG4098) required for DNA uptake, suggesting that the CoiA protein mediates DNA cleavage in one of the stages of genetic transformation (DNA processing or integration). Many members of this family are annotated as transcription factors, stemming from a noted weak similarity (43) of a single sequence (gi|1771202) to vsf-1 transcription factor. Although simple BLAST with the query (gi|1771202) detects this proposed similarity (to gi|1076603 with an insignificant E-value 0.14), the same sequence after a single iteration of PSI-BLAST disappears from the list of hits (E-value > 56). Such a result brings into the question the transcription factor annotation for members of the CoiA family.
RmuC
The RmuC family (COG1322) includes a number of widely distributed bacterial sequences with a central restriction endonuclease-like fold domain surrounded by predicted coiled-coil regions. Although the molecular basis of RmuC function remains unknown, the Escherichia coli rmuC genetic locus influences the rate of DNA inversions at short inverted repeats (44) , suggesting a general role of the gene product in recombination events. The rmuC gene is reported to belong to the LexA regulon (45) , which controls bacterial cellular response to metabolic stresses that damage DNA. Finally, STRING analysis of RmuC (COG1322) suggests a functional association with ATP-dependent double-strand break repair endonuclease (COG0419, score 0.584). In fact, mutation of this ATP-dependent endonuclease in E.coli is required for the phenotype associated with the RmuC genetic locus (44) . The presence of active site residues (Figure 2 ), together with the described genetic profiles for rmuC, is consistent with a role in DNA cleavage that suppresses the rate of inversions at short inverted repeats.
CONCLUSIONS
By applying the concept of transitivity to fold recognition, we identify restriction endonuclease-like domains in nine families of previously unknown function (Figure 1 ). These hypothetical proteins possess conserved active site residues typically responsible for nucleic acid cleavage and display similar hydrophobicity profiles in multiple sequence alignments ( Figure 2) . Furthermore, the families help to establish a network of connectivity between known restriction endonuclease-like structures (Figure 1 ). The connectivity network reflects their structural relatedness, with highly connected structures closely resembling (higher average Z-scores, Table 1 ) the defined restriction endonuclease-like fold core (abbbab). Those structures linked by fewer connections tend to include insertions to and/or deviations in length or packing of core secondary structure elements (Figure 1 ). In fact, some of the transitively linked structures display such significant diversity that they would be classified as dissimilar (Dali Z-score < 2 for some pairs, Table 1 ) in the absence of intermediate links. One such structure (the C-terminal domain of RecC, Figure 3 ) detected by our method is not identified with a structure-based search (Dali) of the existing PDB database.
